Fourteen bridge decks with latex-modified concrete (LMC) overlays ranging in age from 2 to 20 years and two overlays without latex were studied, and their general condition was found to be good. The half-cell and chloride data indicate that the overlays are performing satisfactorily. Rate-of-corrosion data indicate that the overlays can be used to extend the life of decks suffering from chloride-induced corrosion of the top mat of the rebar even though corrosion continues under the overlay. The permeability to chloride ions was an average of 630 coulombs (very low) for a 1.25-in.-thick LMC overlay and 5,274 coulombs (high) for the base concretes. The 2-in.-thick overlays with and without latex had permeabilities of 101and1,305 coulombs, respectively. Adequate shear and tensile rupture strength at the bond interface was obtained and maintained. The data indicate that LMC overlays placed on decks with less than 2 lb/yd 3 of chloride ion at the rebar can be expected to have a service life of more than 20 years. The study provided the opportunity to evaluate two overlays with latex and two without latex that were installed as part of two bridges constructed in 1974. When data from these bridges were obtained in 1990 and compared with data obtained from earlier evaluations, the high quality portland cement concrete overlays without latex showed greater negative increases in half-cell potentials, greater increases in chloride content, and a higher percentage of higher rates of corrosion than the LMC overlays. Also, for these two bridges, higher shear and tensile rupture strengths were obtained at the bond interface with LMC than with concrete without latex. Higher rupture strengths were not obtained on the other bridges because of the low strength of the scarified surface of the base concrete.
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Latex-modified concrete (LMC) is a portland cement concrete (PCC) in which an admixture of latex dispersed in water is used to replace a portion of the mixing water. This type of concrete has been used on highway bridges during the past 30 years (1) and was first used on a bridge deck in Virginia in 1969 (2) .
The Virginia Department of Transportation's (VDOT's) special provision for LMC overlays requires 3.5 gal of styrene butadiene latex (46.5 percent to 49.0 percent solids) per bag of cement (3) . Other VDOT requirements are minimum cement content of 658 lb/yd 3 , maximum water content of 2.5 gal per bag of cement, water/cement ratio (w/c) of 0.35 to 0.40, air content of 3 to 7 percent, slump of 4 to 6 in. when measured 4.5 min after discharge from the mixer, and cement/ sand/coarse aggregate ratio by weight of 1.0/2.5/2.0. By comparison, the requirements for class A4 concrete used in bridge decks include minimum cement content of 635 lb/yd 3 , maximum w/c of 0.45 (0.47 from 1966 to 1983), air content of 5 to 8 percent, and slump of 2 to 4 in. (4) . Thus, it can be seen Virginia Transportation Research Council, Box 3817 University Station, Charlottesville, Va. 22903-0817. that, by design, the LMC is batched with more cement, less water, less air, and at a higher slump than A4 concrete.
In 1974 VDOT installed overlays on two new bridges near Berryville, Virginia (5). One overlay on each bridge contained latex, and one was a high-quality PCC overlay without latex. The overlay without latex was designed to have minimum cement content of 705 lb/yd3, maximum w/c of 0.41, air content of 4 to 8 percent, and maximum slump of 2.5 in. Before the overlays were placed, the base deck (which was 2 days old) was sandblasted and moistened to achieve a saturated surface dry condition. Just ahead of the high-quality concrete placement, a portland cement slurry with a w/c of 0.40 was broomed onto the base deck. By comparison, for the LMC overlays, the mortar fraction of the overlay concrete was broomed onto the base decks.
As compared with A4 bridge deck concrete and high-quality PCC, the LMC is reported to be more resistant to the intrusion of chlorides, to have higher tensile, compressive, and flexural strengths, and to provide better freeze-thaw performance (1) . The greater resistance to chloride intrusion is said to be attributable to the lower w/c and a plastic film the latex produces within the concrete, which inhibits the movement of chlorides. The concrete is reported to have a higher strength because the w/c is lower and because the plastic film produces a higher bond strength between the paste and aggregate. Its freezethaw performance is said to be superior because the lower permeability helps keep water out of the concrete and because the concrete is more flexible and therefore able to withstand the expansion and contraction associated with freezing and thawing (1) . Although high-quality PCC overlays without latex have been used by VDOT, the LMC overlay has been the standard protective system for the rehabilitation of bridges in Virginia since the mid-1970s.
PURPOSE AND SCOPE
The purpose of this research was to evaluate the performance of LMC overlays. It consists of evaluations of 3 test areas on each of 12 bridge decks with LMC overlays and 2 test areas on each of 2 decks (1 overlay with latex and 1 without on each deck). The same test areas on 11 of the decks had been evaluated 7 years earlier (6) . Each test area consisted of the travel lane and shoulder of a 50-ft segment of one span or the entire length of spans less than 50 ft long.
Because the principal purpose of the use of an LMC overlay is to inhibit the penetration of chloride ions to the reinforcing steel, permeability tests were conducted on 3 cores removed from each of the 14 bridges. For 12 of the bridges, 1 core was removed from the shoulder of 1 test area, the right wheel collected before the placement of the overlays and at later path of the next test area, and the center of the travel lane ages. For the LMC overlays on bridges 1B and lD and the of the third test area. In addition, because the strength of the overlays without latex on bridges lA and lC, all measurebond between the overlay and the base concrete is a factor ments were made in one test area. in service life, three other cores were taken from the center These data were used to quantify the performance of the of the travel lane of one test area on each bridge and subjected overlay on the basis of its having maintained satisfactory bond to a shear force directed through the bond line to measure and compressive strengths and having prevented the infiltrathe shear bond. The ACI 503R tensile adhesion test was also tion of chloride, a negative increase in half-cell potentials, used to measure the tensile bond strength at seven locations and high rates of corrosion. The data were also used to dein the left and right wheel paths of the same test area on each termine whether it is an acceptable practice to place LMC deck from which cores were taken for shear bond tests. Four overlays on concrete having c1-contents in excess of 2.0 lb/ 2.25-in.-diameter cores approximately 6.5 in. long were also yd 3 at the level of the top rebar. removed from the wheel path of the same test area on each deck and used to measure the compressive strength of the overlays and the base concretes. In addition, the chloride RESULTS (Cl-) content was determined, and the electrical half-cell potentials and the rate of corrosion of the top mat of rebar were Data supplied by the district bridge engineers in Virginia for measured for the shoulder and travel lane of the other two the 14 bridges selected for study are presented in Table 1 . test areas on each bridge. The data were compared with data
The LMC overlays on bridges lB, lD, and 2 and the overlays without latex on bridges lA and lC were placed as part of the construction of a new deck. The overlays on the other 11 bridges were used to rehabilitate older decks. Bridges 1-A, 1-B, 1-C, and 1-D are separate spans of 2 bridges. Spans 1-B and 1-D have 2-in.-thick LMC overlays, and spans 1-A and 1-C have 2-in.-thick PCC overlays without latex (2-in. maximum slump). The LMC overlays on bridges 2 and 4 do not contain coarse aggregate. Bridge 4 has five spans. Spans A, B, and C were overlaid with LMC, and spans 4-D and 4-E were completely replaced with A4 concrete. Unless indicated otherwise, the data refer to spans A , B, and C. Bridge 17 was evaluated because two liquid membrane curing materials were used to cure four experimental areas of the overlays (7). Bridge 18 was evaluated because it was Virginia's first highearly-strength LMC overlay (8) .
Permeability
The rapid permeability test (AASHTO T-277) was used to measure the permeability to chloride ions of the top 2 in. and the next 2 in . of each of three cores removed from each overlay. For bridges 8, 9, and 10 it was necessary to cut and test sections from the cores at greater depths from the top for determining the permeability of the base concrete because the LMC overlays were thicker than 2.0 in. No acceptable base concrete specimens were obtained for bridge 10 because the LMC overlay was 4.7 in. thick. The results of the tests are shown in Figure 1 .
Permeability of Base Concrete
The permeability values provide an indication of the differences between the base concretes. One possible explanation for the differences is that the requirements for bridge deck concrete in Virginia have changed over the years, and a significant change was made in 1966. In that year, cement content was increased from 588 to 634 lb/yd 3 , w/c was reduced from 0.49 to 0.47, slump was changed from 0 to 5 in. to 2 to 4 in ., air content was changed from 3 to 6 percent to 5 to 8 percent , and 28-day strength was increased from 3,000 to 4,000 psi . The base concretes of bridges lA, lB, lC, lD , 2, (6) . Although the cause of the improvement in permeability cannot be determined because of the many requirements that were changed, it appears that concrete produced after the 1966 specifications were implemented has a lower permeability on the average than concrete produced before that time . The average permeability of the base concrete was 5,274 coulombs. An average of 4,590 coulombs was obtained in 1983 (6).
Permeability of Top 2 in.
The permeability of the top 2 in. was significantly less than the permeability of the conventional A4 base concrete for all bridges. Overlays 2 in. thick without latex on lA and lC had a permeability of 1,305 coulombs. Overlays 2 in. thick with latex on lB and lD had a permeability of 101 coulombs. The LMC overlays without coarse aggregate on bridges 2 and 4 had an average permeability of 1,288 coulombs and an average thickness of 1.4 in. The LMC overlays on the other bridges had an average permeability of 375 coulombs and an average thickness of 1.7 in.
It is believed that the principal reason for the differences in the permeability of the top 2 in. of the cores from the LMC overlays is the thickness of the overlay. Figure 2 shows the relationship between permeability and overlay thickness. The best fit of the data shows that for a typical deck with a 1.25-in.-thick LMC overlay, the average permeability of the top 2 in. is 630 coulombs, which is similar to the average value of 773 obtained in 1983 (6) . The data for bridges lA, lC, 2, and 4 were omitted from the best fit.
Bond Strength
Shear Bond Strength
Three cores were removed from each of the 14 LMC overlays and the 2 overlays without latex and subjected to shear tests. The shear force was first directed through the bond interface of each core to provide an indication of its shear bond strength . The shear force was then directed through the base concrete and through the overlay to provide an indication of their shear strengths. The results of these tests are shown in Figures 3 and 4. Figure 3 shows the shear strength, and Figure 4 shows the location of the failures in the vicinity of the bond interface. The average shear bond rupture strength of the LMC overlays was 640 psi, with 71 percent of the failures in the base concretes. For bridges lB and lD, the average shear bond rupture strength was 1,092 psi, with 72 percent of the failures in the base concretes. For the overlays without latex on bridges lA and lC, the shear bond rupture strength was 614 psi, with 1 percent of the failures in the base concrete. The average shear strength for the LMC overlays was 931 psi as compared with 581 psi for the overlays without latex. The average shear strength of the base concretes was 603 psi.
Tensile Bond Strength
Seven ACI 503R tensile adhesion tests were conducted on each of the 14 LMC overlays and the 2 overlays without latex. The results are shown in Figures 5 and 6 . The results do not include tests in which the adhesive failed unless the rupture strength was higher than the average for the overlay. The average tensile rupture strength of the LMC overlays was 233 psi with 68 percent of the failures in the base concretes. For bridges lB and lD the average tensile rupture strength was 428 psi with 59 percent failure in the base concrete, as compared with 294 psi with no failure in the base concrete of the overlays without latex on bridges lA and lC. The tensile bond strength data agree with the shear bond strength data.
Bond Strength
Based on the data in Figures 3 and 5 , it can be concluded that the shear and tensile bond strengths of the LMC overlays and the overlays without the latex are high, and the strength of the bond interface is usually as high or higher than that of the base concrete. From Figures 4 and 6 , it can be concluded that the majority of failures were in the base concrete, which is reasonable, because the base typically exhibited a lower strength than the bond interface (see Figure 3) . The data for bridges lA, lB, lC, and lD show that higher shear and tensile rupture strengths at the bond interface can be obtained with LMC than those obtained with concrete without latex. However, the data for the other bridges show that the higher rupture strengths are not typically obtained in the rehabilitation of bridges because of the lower strength of the older base concrete and the damage caused by the preparation of the surface of the old concrete. In addition, it can be concluded that adequate bond strengths are typically obtained with LMC overlays and overlays without latex and that the strengths can be maintained for 16 to 20 years.
Compressive Strength
Four cores that had diameters of 2.25 in. and were approximately 6.5 in. long were removed from each of the 14 LMC overlays and the 2 overlays without latex. The cores were sawed perpendicular to the length before testing for compressive strength. The length of the base concrete specimens ranged from 2.5 to 4.0 in. and that of the overlay specimens from 2.0 to 3.9 in. The compressive strength data are shown in Figure 7 . Compressive strength results could not be obtained for all overlays and for the base concrete in bridge 10 because specimens with a height of at least 2 in. could not be obtained.
The compressive strength of the base concretes ranged from 2,860 to 6,400 psi, with an average of 4,500 psi. The compressive strength of the LMC overlays ranged from 5,450 to 7,330 psi, with an average of 5,950 psi for the overlays on rehabilitated decks and 5,740 psi for the overlays on new decks. The compressive strength of the overlays without latex ranged from 4,280 to 4,900 psi; the average was 4,590 psi.
Chloride Ion Content
Chloride ion content greater than 1.3 lb/yd 3 at the level of the reinforcing steel can cause corrosion in the presence of oxygen and moisture. Table 2 and Figure 8 show the average chloride ion content (AASHTO T260) in 1983 for the shoulder and travel lane based on one sample from each of three spans of each of the bridges and in 1990 based on one sample from the travel lane of each of two spans. Where available, data determined by district personnel before the installation of the overlays are shown. (Data for bridges lA, lB, lC, and lD were obtained by research council personnel.) Reasonable estimates of the background chloride that can be attributed to the aggregates are also reported. The depth of the reinforcing steel based on measurements made at the time the samples were taken are also shown in Table 2 . Table 3 shows the chloride content as a function of depth for samples taken at each location in 1990. From Table 2 and Figure 8 , it can be concluded that there was reasonable agreement between the chloride ion contents determined before 1983 and those determined by council personnel in 1983. Also, it can be concluded that there was sufficient chloride in the vicinity of the steel in bridges 3, 4, 8, •See Table 3 for chloride rontenta at other deptb8 bHigh quality 2.5-in maximum elump PCC overlay
•Brid81! wae not tested in 1983 dchloride data not available prior to latex installation "All lllltllplee taken along edge of parapet fdhJoride sample taken from l.ute:J: wncrete ueed for claee II repair
IChloride sample taken from A4 wncrete used for claae II repair the level of the top rebar since the overlays were installed or since the 1983 survey. The greater increase for bridges 8 and 9 can be attributed to the large number of cracks in the overlays. The greater increase for Bridge 4 can be attributed to its higher-than-usual permeability. The overlay on Bridge 4 does not contain coarse aggregate. Figure 9 shows the average annual change in chloride ion content as a function of depth for selected combinations of the overlays. The cracked LMC overlays showed the greatest increases. The chloride ion contents in the vicinity of the rebars have not changed significantly. Also, Figure 9 and Table 3 show that, after 16 years, the LMC overlays on bridges lB and lD have restricted the infiltration of chloride ion much more than the high-quality PCC overlays without latex on bridges lA and lC. Table 4 . Also shown are the results of the measurements made by district personnel before the installation of the overlays that were constructed as part of the rehabilitation of older bridges and the results of the measurements made by council personnel shortly after the installation of the overlays on bridges lA, lB, lC, and lD. The data taken before 1983 generally agree with the data taken in 1983 . Data taken in 1991 are not significantly different from data taken in 1983. It is interesting to note that even on bridges 4, 9, 11, and 13, on which there was greater than 95 percent • chloride content closest to rebar lB   1974  1976  100  100  89  0  0  11  0  0  0  le•  1974  1975  100  33  0  65  0  2  ID"  1974  1975  100  80  0  18  0  2  2b  1974  98  96  2  4  0  0  3b  1975  84  83  13  14  3  3  4b  1970  24   11   36  46  40  43  8  1982  1981  6  7  32  72  86  69  22  7  9  9  1982  1981  13  7  17  39  71  58  48  22  25  10  1983  53  30  60  32  63  39  15  7  1  11  1980  0  0  36  29  65  71  12  1979  1977  99   14   1  1  86  98  0  1  1  13  1980   3   33  13  71  36  58  26  31  29  14  1979  1977  66  76  96  33  21  4  1  4 • new deck FIGURE 10 Percent of electrical half-cell potentials more negative than -0.35 V (CSE).
probability that corrosion was occurring over a large area, the overlays had no major delaminations, spalls, or patches and were providing a durable surface. It is also interesting that for bridges for which pre-1983 data were available, the scarification of the deck and installation of the overlay did not significantly change the corrosion potential of the steel. Figure 10 shows the percentage of potentials that are more negative than -0.35V (CSE) as a function of time for selected combinations of the overlays. Figure 10 suggests the corrosion potentials have not changed much since the overlays were placed. However, the corrosion potentials for new bridges lA and lC without latex have become more negative than for bridges 1B and lD, which have LMC overlays. 
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Rate of Corrosion A three-point linear polarization device was used to measure the rate of corrosion of the top mat of rebar in two spans in 1990. The data are shown in Figure 11 . As can be seen, no corrosion damage can be expected on any of the bridges within 2 years based on Clear's criteria (9) . Corrosion at rates that can cause damage within 10 years is occurring in most of the decks. The data suggest that if sufficient salt is present at the rebar, corrosion occurs. Even so, overlays can be used to extend the service life of decks. Since corrosion rates for bridges lA and lC (without latex) are higher than for bridges lB and lD (with latex), a longer service life can be expected for the LMC overlays.
Shrinkage Cracks
Of the 14 bridges studied , only bridges 8 and 9 exhibited many wide plastic shrinkage cracks. Many randomly oriented hairline drying shrinkage cracks were observed in bridges 2 and 4. It is believed that these cracks were caused by the absence of coarse aggregate in the overlays. A few cracks in some of the other bridges were probably caused by drying shrinkage, reflection from the base concrete, or deck movements under traffic, but no more were noted than are typical of most A4 concrete bridge decks. These observations agree with data presented by Bishara showing that long-term shrinkage is about the same for LMC as for concrete without latex (10) .
Spalls and Patches
The following bridges were delaminated, spalled, or patched (percentages are of the deck area evaluated): lA: 0. bond strength of the overlays, it is believed that the spalls were caused by localized construction problems such as incorrect placement and curing of the concrete or inadequate surface preparation and concrete removal.
CONCLUSIONS
1. The average permeability to chloride ions of a 1.25-in.-thick LMC overlay was 630 coulombs, which is 12 percent of the 5,274 coulombs found to be the average permeability of the class A4 base concrete on which the overlays were placed. Two-in.-thick overlays with and without latex had permeabilities of 101 and 1,305 coulombs, respectively.
2. The shear and tensile rupture strengths at the bond interface between the LMC overlay and the base concretes were typically as good or better than the shear and tensile strengths of the base concretes, and good bond has been achieved and maintained for 20 years. Although higher bond rupture strengths can be obtained with LMC than with concrete without latex, the higher strengths are not usually obtained because of the low strength of the scarified surface of the base concrete.
3. LMC overlays have been placed over salt-contaminated concrete and steel exhibiting half-cell potentials more negative than -0.35 V CSE, and the performance of these overlays continues to be good for as long as 20 years. However, the rebar continues to corrode under the overlays, and in another 2 to 10 years spalling may occur on some bridges.
4. The half-cell potential measurements and chloride content determinations show that the LMC overlays are performing satisfactorily. The half-cell potentials and the chloride ion contents in the vicinity of the rebars have not changed significantly since the overlays were placed. However, the chloride ion contents in the overlays have increased .
5. High-quality PCC overlays without latex showed greater negative increases in half-cell potentials, greater increases in chloride content, and a higher percentage of higher rates of corrosion than similar LMC overlays.
6. LMC overlays placed on decks with less than 2.0 lb/yd 3 of chloride ion at the rebar can be expected to have a life of more than 20 years.
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